1. Introduction {#s0005}
===============

Crohn\'s disease (CD) is a recurrent inflammatory bowel disease (IBD) characterized by abdominal pain, diarrhea, weight loss, and fever. Around 40% of patients suffer from chronic inflammation in both small and large intestines, while 30% exhibit symptoms limited to the small intestine ([@bb0005]). Development of IBD is usually accompanied by dysregulation of intestinal epithelial cells (IECs), which function in nutrient absorption and as physical and immunological barriers to pathogen invasion ([@bb0170]). It has been recognized for decades that the onset of CD is associated with accumulation of mesenteric white adipose tissue (WAT) ([@bb0050], [@bb0065], [@bb0095], [@bb0175]), with CD patients exhibiting four times more adipocytes per unit area than healthy controls ([@bb0075]). The net effects of mesenteric fat abnormalities on CD patients, whether beneficial or harmful, have been debated. Some suggest that the balance of cell types in mesenteric fat abnormalities could exert an immunoprotective effect including M2 macrophage increase, while others stress the pathological effects based on clinical observations ([@bb0045]). Emerging evidence suggests that mesentery including, the mesenteric fat tissues, could be a therapeutic target for CD by both operative and pharmacological means. In many cases, patchy or linear mucosal ulcerations are observed just beneath WAT, which implies local pathogenic signaling between mesenteric fat and intestinal epithelium ([@bb0175]). In addition, several pro-inflammatory cytokines, including tumor necrosis factor (TNF) and Interleukin (IL)-6, are produced in excess by WAT in CD patients ([@bb0095]). Similarly, obesity is linked to IBD pathogenesis ([@bb0025], [@bb0060], [@bb0055], [@bb0095], [@bb0280]), partly due to mesenteric WAT hypertrophy. It was reported that around 38% of IBD patients are overweight ([@bb0215]). High-fat diet and/or associated obesity can also cause mild bowel inflammation in experimental animal models ([@bb0060], [@bb0110]). Furthermore, chemically or genetically induced enterocolitis is exacerbated by diet-induced obesity ([@bb0160], [@bb0245]).

Adipocyte development and fat storage may be regulated by local tissue signaling. Transcriptional cascades for adipocyte differentiation, initiated by peroxisome proliferator-activated receptor (PPAR)γ, have been investigated *in vitro* using 3T3-L1 cells or mouse embryonic fibroblasts (MEFs) ([@bb0180]). Differentiated adipocytes can release free fatty acids (FFAs) in response to lipolytic stimuli such as fasting that are utilized by peripheral tissues ([@bb0080]). However, hypertrophied adipocytes tend to release more FFAs in the steady state, which act as lipotoxicity and can lead to insulin resistance and inflammation in many other tissues ([@bb0145]). Adipocytes also secrete various cytokines, such as leptin, adiponectin, and IL-6 ([@bb0175], [@bb0185]). For instance, the secretion of some pro-inflammatory adipokines including TNF and resistin is augmented in obesity and is directly brought about by β-cell dysfunction or apoptosis, resulting in the progression of type II diabetes ([@bb0070]). Based on these findings, it would be possible that changes in the local number and activity of adipocytes induce the inflammation of IECs in CD and obese patients as IECs are prone to external stimuli and stress ([@bb0120], [@bb0275]), but no direct evidence for this currently exists.

Cell lines are widely used as models of the intestinal epithelial monolayer, including Caco-2 and HT-29 cells ([@bb0190]). However, these lines are derived from cancer cells and so exhibit chromosome aneuploidy and multiple mutations ([@bb0090]). For more physiological assays, some recent studies have attempted to establish IEC cultures ([@bb0155], [@bb0250], [@bb0260]), but several technical issues remain, including recapitulation of *in vivo* physiology, operational simplicity, culture stability over time, and assay throughput.

Gut epithelial organoid culture is an emerging technique for investigating the molecular biology of IECs ([@bb0195], [@bb0200], [@bb0270]). Organoids derived from mouse small intestine contain enterocytes, Paneth cells, goblet cells, and enteroendocrine cells, and so may better reflect enteric characteristics *in vivo*. However, it is difficult to evaluate the specific functions of IECs, such as their response to bacterial infection and interactions with other types of cells, because organoid culture is conducted in a solidified three-dimensional (3D) environment and the villus-like luminal domains exist at the organoid core ([@bb0195]). Therefore, to improve our understanding of intestinal epithelial biology, it is critical to establish culture methods for more accessible IEC monolayers. On the other hand, it has recently been reported that intestinal organoids can be generated from human induced-pluripotent stem cells (iPSCs) ([@bb0150]). These cells have several major advantages for organoid development; there are fewer ethical issues associated with iPSC technologies compared to embryonic stem (ES) cell studies, and iPSCs can be isolated from patients as disease models for basic research as well as for regenerative medicine.

In this study, we present evidence that intestinal inflammation induced by chronic dextran sodium sulfate (DSS) administration can cause mesenteric fat accumulation and inflammation in mice. To examine potential interactions between IECs and adipocytes, we developed a simple, original method for preparing physiological IECs from physically-fractured organoids. Co-culture of these IECs with mature adipocytes revealed direct inflammatory crosstalk between these cell types in the absence of immune cells, which strongly suggests that adipose tissues themselves can be a promising therapeutic target for chronic inflammatory diseases.

2. Materials and Methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

The recombinant proteins and neutralizing antibodies for mouse TNF and IL-6 were obtained from R&D Systems. Defined fetal bovine serum (FBS) was purchased from HyClone, vitronectin was from Thermo Fisher Scientific, and insulin, dexamethazone and a protease inhibitor cocktail were from Sigma. 3-Isobutyl-1-methylxanthine (IBMX) and pioglitazone were obtained from Wako. CAPE and Galiellalactone were from Tocris and Cayman Chemical, respectively. Antibodies for villin1 (ab3304), mucin 2 (Muc2) (ab11197 for human, ab76774 for mouse), and chromogranin A (ChgA) (ab15160) were purchased from Abcam. Anti-E-cadherin antibody (3195) was from Cell Signaling, anti-lysozyme antibody (A0099) was from Dako, and anti-perilipin1 antibody (GP29) was from Progen. Secondary antibodies for immunostaining were from Jackson ImmunoResearch.

2.2. Mice and Tissues {#s0020}
---------------------

C57BL/6J mice were purchased from CLEA Japan (Tokyo, Japan). Mesenteric fat tissues from whole intestinal mesentery were isolated from male mice fed three cycles of 2.25% DSS in the drinking water for 5 days, followed by 2-week consumption of water. Mesenteric fat as well as other white adipose tissues were confirmed to float in phosphate-buffered saline (PBS) and were carefully separated from other associated tissues, including mesenteric lymph nodes and blood vessels. The tissues were rapidly immersed in RNA later (QIAGEN), and stored at 4 °C until use. Total RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacture\'s instruction. All mice were housed in specific pathogen-free conditions in the experimental animal facility of the Institute of Medical Science, The University of Tokyo. The Institutional Animal Care and Research Advisory Committee at The University of Tokyo approved all animal procedures.

2.3. Cell Culture {#s0025}
-----------------

Primary MEFs were obtained from embryos at day 13 post-coitum, and adipocyte differentiation experiments were carried out at passage two, as described previously ([@bb0140]). HEK293T cells, L cells, Caco-2 cells, and MEFs were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin. For differentiation, Caco-2 cells were monolayer-cultured in Transwells (Corning 3413) for over 10 days after they reached confluence. Human primary visceral pre-adipocytes were purchased from Lonza. Cell growth and adipocyte differentiation followed the supplier\'s protocols. The human iPSC line TkDN4-M ([@bb0240]) was supplied by The University of Tokyo and was maintained as colonies in feeder-free conditions on plates coated with vitronectin (Gibco) with Essential 8 medium (Gibco). The cells were passaged every 3--4 days before reaching confluence. All cultures were incubated at 37 °C in 95% humidity with 5% CO~2~.

2.4. Preparation of Conditioned Medium {#s0030}
--------------------------------------

L cells stably expressing human R-spondin1 and human Noggin together with (WRN CM) or without mouse Wnt3a (RN CM) were established by lentiviral infection. The plasmids for lentiviral production (pCAG-HIVgp, pCMV-VSV-G-RSV-Rev, and pCSII-EF-MCS-IRES2-Venus) were kindly provided by Dr. Hiroyuki Miyoshi (BioResource Center, RIKEN, Japan). Each conditioned medium was prepared from the culture supernatants of the cells seeded at 1.4 × 10^6^ cells/35-mm dish for 72 h.

2.5. Preparation and Culture of Mouse Intestinal Organoids {#s0035}
----------------------------------------------------------

Small intestinal crypts were isolated from 8 to 12-week-old mice and the organoids were cultured as described previously ([@bb0195]). The crypts were embedded in 50 μL Matrigel (BD Biosciences) and placed in the center of each well (24-well plates). Following polymerization in a 37 °C, 5% CO~2~ incubator for 15 min, 500 μL mouse organoid culture medium (Supplementary Table 1) was added to each well. 25% RN CM can be replaced with 500 ng/mL mouse R-spondin1 and 100 ng/mL mouse Noggin. Epidermal growth factor (EGF) was added every second day and the entire medium was changed every 4 days. Organoid passage was carried out as described below.

2.6. Differentiation of Human Induced-Pluripotent Stem Cells Into Intestinal Organoids {#s0040}
--------------------------------------------------------------------------------------

Organoids were differentiated from human iPSCs following a previously described protocol ([@bb0150]), with small modifications in differentiation medium. Briefly, 80%--90% confluent iPSCs were differentiated into definitive endoderm through treatment with DE1 medium (Supplementary Table 1) for 24 h, followed by DE2 medium (Supplementary Table 1) for 24 h, and then DE3 medium (Supplementary Table 1) for a further 24 h. For mid- and hindgut differentiation, definitive endoderm cells were cultured in mid- and hindgut differentiation medium (Supplementary Table 1) for up to 4 days. Free-floating spheroids were collected during the course of the culture, and transferred into three-dimensional cultures in Matrigel refed with intestine growth medium (Supplementary Table 1), which was replaced every 2--3 days for 14 days. Organoids were collected after several passages, following the protocol described below.

2.7. Organoid Passage {#s0045}
---------------------

The organoids that had been cultured in Matrigel were washed with PBS and treated with cell recovery solution (BD Biosciences) for 30 min on ice. The recovered organoids were then collected by centrifugation at 440*g* for 5 min. Following removal of the supernatant, the organoids were suspended with 700 μL basal medium (Supplementary Table 1). The cell suspension was mildly passed through a 26G needle 10 times without bubbling and then centrifuged at 440*g* for 5 min. The organoids were resuspended in Matrigel with 20% organoid growth medium on ice and the suspensions were aliquoted into the wells of a 24-well plate, leaving the border of each well untouched, and solidified in a 37 °C, 5% CO~2~ incubator for 15 min. Following this, 500 μL mouse organoid culture medium or human organoid culture medium (Supplementary Table 1) was added to each well. The average passaging ratio was 1:2 for mouse organoids and 1:4 for human organoids. For mouse organoids, EGF was added every second day and passage was performed every 4 days, whereas for human organoids, the entire medium was changed every 3 days and passage was performed every 6 days.

2.8. Monolayer Culture of Organoid-derived Cells {#s0050}
------------------------------------------------

After being recovered from Matrigel using cell recovery solution, the organoids were broken by passing a needle (26G for mouse organoids or 29G for human organoids) 10 times through the basal medium. Following collection by centrifugation at 440 g for 5 min, they were resuspended with each organoid culture medium and then seeded in type I collagen (Nitta Gelatin)-coated 24-well plates or Transwells. For mouse cell culture, 300 ng/mL recombinant mWnt3a was also added to the medium. On average, organoids from one well were plated into the upper compartment of two (mouse) or five (human) Transwells (100 μL per well), and an additional 600 μL culture medium was added to each lower compartment. The medium was replaced every 2--3 days. For the responsive assays, cells were pretreated with pre-stimulation medium (Supplementary Table 1) for 1 day to eliminate the growth factors. The medium was then replaced with pre-stimulation medium containing the respective cytokines for 2 days. For the co-culture assays, Transwells with IECs were transferred to 24-well plates with adipocytes, and co-cultured for 2 days with pre-stimulation medium.

2.9. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) {#s0055}
--------------------------------------------------------------------------

Total cellular RNA was extracted from the cultured cells and mesenteric fat tissues using the RNeasy Mini Kit (QIAGEN) or TRIzol reagent (Invitrogen), respectively. Reverse transcription was then performed using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems), and mRNA levels were quantified by fluorescence real-time PCR on a StepOnePlus (Applied Biosystems) using TaqMan Gene Expression Assays (Applied Biosystems) or PrimeTime qPCR Assays (Integrated DNA Technologies). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA (for IECs) or 18s rRNA (for adipocytes) levels were used as an internal control to normalize the mRNA levels of each gene.

2.10. Enzyme-linked Immunosorbent Assay (ELISA) {#s0060}
-----------------------------------------------

Adiponectin protein levels were determined using a commercial ELISA kit (R&D Systems). The assay was performed according to the manufacturer\'s instructions. The values were normalized to the corresponding culture supernatant before being subjected to co-culture with IECs.

2.11. Histology {#s0065}
---------------

Colonic tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Tissue sections (5 μm) were stained with hematoxylin and eosin solution, followed by observation under a bright-field microscope using BZ-II Image Analysis Application (BZ-9000, Keyence). For staining with anti-perilipin1 antibody, sections blocked with 5% normal donkey serum (Jackson ImmunoResearch) for 60 min were incubated with anti-perilipin1 (1:100) antibody at 4 °C overnight. The slides were rinsed three times with 0.05% Tween-20 in PBS (PBS-T), and incubated with Cy3-conjugated donkey anti-guinea pig IgG (1:100) for 3 h at 4 °C. They were then washed three times in PBS-T and counterstained with DAPI (1:1000, Cell Biolabs) for 10 min at room temperature. Fluorescence signals were visualized using a Leica TCS SP2 confocal laser-scanning microscope.

2.12. Immunofluorescence Staining {#s0070}
---------------------------------

### 2.12.1. Frozen Sections {#s0075}

The Transwell membrane was washed with PBS, fixed with 10% formalin for 10 min at room temperature, washed three times in 70% ethanol, and then cut out using a surgical blade. The membrane was embedded in Tissue-Tek Optimal Cutting Temperature (OCT) compound (Sakura Finetechnical) and frozen with liquid nitrogen. Following blocking with 5% normal donkey serum for 60 min, 8-μm cryostat sections were incubated with mouse anti-villin1 (1:50) and rabbit anti-E-cadherin (1:200) antibodies at 4 °C overnight. The slides were rinsed three times with PBS-T, and incubated with Cy3-conjugated donkey anti-mouse IgG (1:100) and Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:100) for 3 h at 4 °C. They were then washed three times in PBS-T and counterstained with DAPI (1:1000) for 10 min at room temperature. Fluorescence signals were visualized using a Leica TCS SP2 confocal laser-scanning microscope.

### 2.12.2. Whole-mounts {#s0080}

The monolayer IECs with Transwell membrane were fixed and permeabilized using the Cytofix/Cytoperm Kit (BD Biosciences). The specimens were then incubated with primary antibodies (rabbit anti-lysozyme (1:400), mouse anti-Muc2 (1:250), or rabbit anti-ChgA (1:100) antibodies) at 4 °C overnight. After being washed three times with Perm/Wash Buffer, the specimens were further incubated with Cy3-conjugated donkey anti-mouse IgG (1:100), Cy3-conjugated donkey anti-rabbit IgG (1:100), or Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:100) for 3 h at 4 °C, followed by counterstaining with DAPI for 10 min at room temperature. Fluorescence signals were visualized using a Leica TCS SP2 confocal laser-scanning microscope.

2.13. Oil Red O Staining {#s0085}
------------------------

After fixing the cells with 4% paraformaldehyde in PBS for 1 h at room temperature, they were stained with Oil Red O solution (0.5% Oil red O in 2-propanol: water = 3:2 \[v/v\]) for 1 h at room temperature.

2.14. Statistical Analysis {#s0090}
--------------------------

All results are presented as mean ± standard error of the mean (SEM). Data from *in vitro* studies are representative from at least two independent experiments performed in triplicate. Data were analyzed using Student\'s *t*-test for two groups, and a one-way analysis of variance (ANOVA) for more than three groups followed by the Bonferroni procedure. Differences were considered significant at *P* \< 0.05. These experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment.

3. Results {#s0095}
==========

3.1. Mesenteric Fat Accumulation and Inflammation by DSS-induced Chronic Intestinal Inflammation {#s0100}
------------------------------------------------------------------------------------------------

As mesenteric fat is enlarged and inflamed in CD patients ([@bb0175]), we investigated whether such a phenotype is also observed in an experimental animal model. We induced chronic inflammation in C57BL/6 mice by administering three cycles of 2.25% DSS *via* the drinking water, each cycle lasting 5 days at 2-week intervals. Irregular thickening of the muscle layer, damaged intestinal epithelia, and infiltration of inflammatory cells indicated that DSS-induced chronic inflammation proceeded successfully ([Fig. 1](#f0005){ref-type="fig"}A). At the same time, we observed increased mesenteric WAT accumulation as well as tissue vascularization in the weeks following DSS administration ([Fig. 1](#f0005){ref-type="fig"}B). It was confirmed that carefully isolated mesenteric fat tissues, but not subcutaneous and epididymal fat tissues, were enlarged by DSS administration ([Fig. 1](#f0005){ref-type="fig"}C). The weight of isolated mesenteric fat tissues increased by about twofold compared with that from the control group ([Fig. 1](#f0005){ref-type="fig"}D). Furthermore, gene expression analysis revealed that mRNA levels of the pro-inflammatory adipokines TNF and IL-6 were increased in mesenteric WAT from the DSS-induced colitis group, whereas anti-inflammatory adiponectin expression levels were decreased ([Fig. 1](#f0005){ref-type="fig"}E). A similar pathological phenotype was also reported in a 2,4,6-trinitrobenzenesulfonic acid-induced mouse colitis model ([@bb0125]). Interestingly, severe epithelium damage was frequently observed in the area adjacent to the mesenteric fat tissues ([Fig. 1](#f0005){ref-type="fig"}F), which was identified by immunostaining against perilipin1, a protein localized to adipocyte lipid droplets ([@bb0235]). Taken together, these results indicate that local, chronic epithelial inflammation accompanies surrounding mesenteric fat accumulation and enhances the expression of inflammatory mediators by the tissue in mice, consistent with the histopathology of CD.Fig. 1Induction of inflammatory responses in mesenteric fat tissues by chronic DSS treatment. C57BL/6 mice were fed 3 cycles of 2.25% DSS in their drinking water (5 days per cycle at 2 week intervals). Mice were then sacrificed from day 65 to 75. (a) Representative sections of colon from control and DSS-administered mice stained with hematoxylin and eosin. Scale bars, 100 μm. (b) Representative images of mesenteric fat beneath intestinal tissues from both treatment groups. (c) Representative images showing isolated mesenteric fat tissues, subcutaneous fat tissues, and epididymal fat tissues from both treatment groups. (d) Weight of mesenteric fat tissues from each group of mice (*n* = 10). Data are presented as mean ± SEM, \**P* \< 0.05 (Student\'s *t*-test). (e) The relative mRNA levels of the indicated genes in mesenteric fat tissues were determined by quantitative RT-PCR and normalized to 18 s rRNA levels (*n* = 8). Data are presented as mean ± SEM, \**P* \< 0.05 (Student\'s *t*-test). (f) Colon tissues from control and DSS-administered C57BL/6J mice were then isolated, fixed with 4% paraformaldehyde, and embedded in paraffin. 5 μm paraffin sections were immunostained with anti-perilipin1 antibody (red), followed by counterstaining with DAPI (blue). White dotted lines indicate borders between the presence and absence of mesenteric fat tissues. Scale bar, 100 μm.Fig. 1

3.2. Establishment of Monolayer IECs From Mouse and Human Intestinal Organoids {#s0105}
------------------------------------------------------------------------------

Sato and colleagues established a culture method for mouse primary intestinal organoids ([@bb0195]). Subsequently, development of intestinal organoids from human iPSCs as well as human tissues was reported ([@bb0200], [@bb0210]). However, these organoids are not suitable for co-culture experiments because they require 3D culture, such as in solidified Matrigel. Therefore, we initially developed original IECs from mouse small intestinal organoids in two-dimensional (2D) culture on Transwell prior to co-culture with adipocytes to examine IEC--adipocyte interactions.

After disrupting mouse organoids by a 26G needle, the cells were seeded on a collagen I-coated Transwell. The transepithelial electrical resistance (TER) of the cells increased after 10 days of culture ([Fig. 2](#f0010){ref-type="fig"}A), suggesting the construction of tight junctions, a characteristic structure between epithelial cells ([@bb0105]). Immunofluorescence staining of the frozen sections revealed that the cells formed monolayers with polarity, as evidenced by co-staining of nuclei (4′,6-diamidino-2-phenylindole \[DAPI\]), the apical brush border protein villin1, and the adhesion junction protein E-cadherin, indicating the distinctive features of IECs ([Fig. 2](#f0010){ref-type="fig"}B). Whole-mount staining showed that Paneth, goblet, and enteroendocrine cells were sparsely present in the monolayers ([Fig. 2](#f0010){ref-type="fig"}C). To determine the functional responses of monolayer cells in Transwell, we examined the effect of the cytokine IL-17 on the expression of polymeric immunoglobulin receptor (pIgR), which is involved in the formation and transport of IgA to the intestinal lumen ([@bb0030]). The mRNA levels of pIgR increased with stimulation by IL-17 in a dose-dependent manner, whereas villin1 mRNA levels were hardly affected ([Fig. 2](#f0010){ref-type="fig"}D). Interferon (IFN)γ also dose-dependently increased pIgR mRNA levels ([Fig. 2](#f0010){ref-type="fig"}E). We also treated mouse monolayer IECs with IL-22, which is another epithelial cell stimulation cytokine that is known to induce Reg3 family antimicrobial protein expression in IECs ([@bb0285]), and showed that IL-22 dramatically increased the mRNA levels of Reg3β ([Fig. 2](#f0010){ref-type="fig"}F). Based on these results, we conclude that we successfully developed monolayer mouse IECs that are responsive to physiological stimuli. We also attempted to develop monolayer IECs from human iPSC (TkDN4-M)-derived organoids using our system. Notably, the establishment of human IECs required a finer 29G needle to eliminate remaining larger organoids, which can cause multilayer formation (Supplementary Fig. 1). Consequently, the proliferative cells succeeded to form monolayers which are polarized and responsive to physiological stimuli as well as mouse IECs ([Figs. 3](#f0015){ref-type="fig"}A--E).Fig. 2Generation and characterization of mouse monolayer IECs from primary small intestinal organoids. (a) Mouse organoid-derived cells were broken by a 26G needle and seeded in type I collagen-coated Transwells. After they were cultured with mouse organoid culture medium supplemented with 300 ng/mL recombinant mWnt3a, TER values were measured on the indicated days in quadruplicate. Data are presented as mean ± SEM of one experiment representative of three independent experiments. (b) Immunohistochemistry analysis of the monolayer harvested with the Transwell membrane at 12 days of culture. Sections were stained with anti-E-cadherin (green) and anti-villin1 (red) antibodies, and counterstained with DAPI (blue). The right image is a magnification of the boxed region. Data are representative of three independent experiments. Scale bar, 20 μm. (c) Whole-mount images of the cells visualized by confocal laser microscopy after fixing and staining with antibodies toward the indicated molecules. Arrowheads indicate each positive cell. Data are representative of two independent experiments. Scale bars, 50 μm. (d--f) Mouse monolayer IECs that had been cultured for 13 days in Transwells and then replaced by pre-stimulation medium to starve cytokines for 1 day, followed by the stimulation with various concentrations of the indicated cytokines for 2 days. The relative mRNA level was determined by quantitative RT-PCR and normalized to GAPDH mRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM of one experiment representative of at least two independent experiments.Fig. 2Fig. 3Generation and characterization of monolayer IECs from human iPSC-derived intestinal organoids. (a) TER values of the human organoid-derived cells that were broken by a 29G needle, seeded in collagen-coated Transwells with human organoid culture medium, were measured on the indicated days. The assay was performed in triplicate. Data are presented as mean ± SEM of one representative of three independent experiments. (b) Immunohistochemistry analysis of frozen sections of human organoid-derived cells described in (a) stained with anti-E-cadherin (green) and anti-villin1 (red) antibodies, and counterstained with DAPI (blue). The right image is a magnification of the boxed area. Data are representative of three independent experiments. A scale bar, 20 μm. (c) Whole-mount images of the human organoid-derived cells described in (a) stained with DAPI (blue), together with each antibody toward the indicated molecules. Arrowheads indicate each positive cell. Scale bars, 50 μm. (d--f) Human organoid-derived cells were cultured with human organoid culture medium for 6--8 days and then exposed to pre-stimulation medium for 1 day, followed by medium containing the indicated concentrations of recombinant cytokines for 2 days. Relative pIgR, Reg3β, and villin1 mRNA levels were determined by quantitative RT-PCR and normalized to GAPDH mRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM of one experiment representative of at least two independent experiments.Fig. 3

3.3. Induction of Inflammatory Responses in IECs Co-cultured With Differentiated Adipocytes {#s0110}
-------------------------------------------------------------------------------------------

We next investigated the direct interaction between IECs and adipocytes using our Transwell system. Mouse embryonic fibroblasts (MEFs) were differentiated into adipocytes to co-culture with mouse IECs derived from primary small intestinal organoids. Oil red O staining showed that intracellular neutral lipids appeared efficiently in response to differentiation stimuli and that the lipid droplets became hypertrophic after additional days in culture ([Fig. 4](#f0020){ref-type="fig"}A). Subsequently, monolayer mouse IECs were co-cultured for 2 days in Transwell inserts above differentiated adipocytes attached to the outer wells so that cells could interact only *via* soluble factors ([Fig. 4](#f0020){ref-type="fig"}B). We then explored the expression of matrix metalloproteinase (MMP)-9 in the monolayer IECs following co-culture with adipocytes, as MMP-9 is induced in epithelial cells in response to inflammatory signals both *in vivo* and *in vitro* ([@bb0035], [@bb0085]). We found that MMP-9 mRNA levels in mouse IECs were markedly increased by co-culture with MEF-derived mature adipocytes, and increased to a greater degree by co-culture with hypertrophied adipocytes, whereas they were relatively unchanged by co-culture with undifferentiated MEFs ([Fig. 4](#f0020){ref-type="fig"}C). These results indicate that the effects were mediated primarily by factors secreted from differentiated adipocytes, and that this signaling was stronger from adipocytes in a hypertrophied state. The expression of another inflammatory molecule, TNF was also increased in IECs by co-culture with differentiated adipocytes. In contrast, the expression levels of Villin1 and glycoprotein 33 (GPA33), both of which are known as intestinal epithelial markers, were reduced in IECs by co-culture with differentiated adipocytes and decreased to a greater extent by adipocytes possessing enlarged lipid droplets ([Fig. 4](#f0020){ref-type="fig"}C). Considering that decreased expression levels of Villin1 and GPA33 are observed in enterocytes from CD patients ([@bb0135], [@bb0265]) and these genes are shown to play anti-inflammatory roles through knockout studies ([@bb0255], [@bb0265]), the results also indicate the occurrence of inflammation in IECs. Although it was unclear whether the decreased expression of these enterocyte markers was a cause or a result of inflammatory responses, similar inflammatory reactions were also observed when human IECs from iPSC-derived organoids were co-cultured with human primary adipocytes ([Fig. 4](#f0020){ref-type="fig"}D and E).Fig. 4Inflammatory induction in monolayer IECs by co-culturing with differentiated adipocytes. (a) Images of differentiated mouse embryonic fibroblasts (MEFs; days 0, 9, and 30) stained with Oil Red O. (b) Schematic of co-culture system for IECs and adipocytes. (c) Monolayer IECs derived from mouse small intestinal organoids were cultured for 13 days in Transwells, and then co-cultured in pre-stimulation medium for 2 days with MEFs (days 0, 7, and 26). IECs were then harvested, and the relative mRNA levels were determined by quantitative RT-PCR and normalized to GAPDH mRNA levels. (d) Images of differentiated human primary visceral adipocytes (days 0 and 14) stained with Oil Red O. (e) Monolayer IECs derived from human iPSC-derived organoids were cultured for 13 days in Transwells, and then co-cultured in pre-stimulation medium for 2 days with human primary adipocytes (days 0 and 11). IECs were then harvested, and the relative mRNA levels were determined by quantitative RT-PCR and normalized to GAPDH mRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM, \**P* \< 0.05 (Student\'s *t*-test). All data are representative of at least two independent experiments.Fig. 4

3.4. Induction of Inflammatory Responses in Mature Adipocytes Co-cultured With IECs {#s0115}
-----------------------------------------------------------------------------------

It has also been reported that MMP-9 expression is induced in adipocytes during fat mass development or adipocyte differentiation and plays a pivotal role in angiogenesis ([@bb0020]). Consistent with this notion, we found that the expression of MMP-9 was upregulated in adipocytes co-cultured with mouse IECs ([Fig. 5](#f0025){ref-type="fig"}A). Furthermore, expression levels of the pro-inflammatory cytokines IL-6 and TNF were also increased in adipocytes by co-culture, whereas the expression of anti-inflammatory adiponectin was decreased, suggesting that pro-inflammatory signals were activated in adipocytes as well as IECs. Adiponectin protein levels were also decreased by co-culture with IECs (Supplementary Fig. 2). The similar inflammatory change in gene expression was also observed in human primary adipocytes following co-culture with human IECs ([Fig. 5](#f0025){ref-type="fig"}B). These results suggest that inflamed IECs can inflict inflammatory responses on adipocytes. Therefore, IECs and mature adipocytes may engage in reciprocal inflammatory signaling.Fig. 5Inflammatory induction in adipocytes by co-culturing with monolayer IECs. (a) After co-cultured in pre-stimulation medium for 2 days with mouse IECs, MEF adipocytes (Day 9; MEF Ad) were harvested, and the relative mRNA levels were determined by quantitative RT-PCR and normalized to 18 s rRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM, \**P* \< 0.05 (Student\'s *t*-test). (b) After co-cultured in pre-stimulation medium for 2 days with human IECs, human primary visceral adipocytes (Day 13; hVis Ad) were harvested, and the relative mRNA levels were determined by quantitative RT-PCR and normalized to 18 s rRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM, \**P* \< 0.05 (Student\'s *t*-test). All data are representative of two independent experiments.Fig. 5

3.5. Initiation of intestinal Epithelial Inflammation by Adipocytes Through NF-κB and STAT3 Pathways {#s0120}
----------------------------------------------------------------------------------------------------

We next explored the molecular mechanisms of this putative inflammatory signaling between IECs and adipocytes by measuring mRNA levels of MMP-9 in mouse IECs and MEF-derived adipocytes cultured in conditioned media (culture supernatant) from the other cell type. MMP-9 expression was induced in IECs cultured in adipocyte conditioned media ([Fig. 6](#f0030){ref-type="fig"}A), whereas IEC conditioned media failed to increase the expression of MMP-9 in adipocytes ([Fig. 6](#f0030){ref-type="fig"}B). These results indicated that secretions from adipocytes triggered inflammatory reactions. It has been reported that adipocyte secretions such as FFAs and IL-6 can activate nuclear factor-kappa B (NF-κB) and signal transducer and activator of transcription 3 (STAT3) ([@bb0115], [@bb0225]). Therefore, we examined the effects of the NF-κB inhibitor caffeic acid phenethyl ester (CAPE) and the STAT3 inhibitor galiellalactone on the inflammatory responses in IEC--adipocyte co-culture. Expression of MMP-9 was significantly reduced by these inhibitors in both IECs ([Fig. 6](#f0030){ref-type="fig"}C) and adipocytes ([Fig. 6](#f0030){ref-type="fig"}D), indicating that downstream inflammatory signaling is mediated by these molecules in both cells. In contrast, when neutralizing antibodies against TNF and IL-6 were included in co-culture, MMP-9 expression was diminished in IECs ([Fig. 6](#f0030){ref-type="fig"}E) but not in adipocytes ([Fig. 6](#f0030){ref-type="fig"}F), suggesting that the inflammatory condition including the induction of MMP-9 is mediated by TNF and IL-6 in IECs but not in adipocytes.Fig. 6Involvement of NF-κB and STAT3 signaling pathways in IEC--adipocyte inflammatory interactions. (a) Mouse IECs were cultured for 2 days in medium from MEF-derived adipocytes (Ad sup) or normal medium (--). Relative MMP-9 mRNA levels were determined by quantitative RT-PCR normalized to GAPDH mRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM, \**P* \< 0.05 (Student\'s *t*-test). "Ad" denotes adipocytes. (b) MEF adipocytes (Day 11) were cultured for 2 days in medium from mouse IECs (mIEC sup) or normal medium (--). Relative MMP-9 mRNA levels were determined by quantitative RT-PCR normalized to 18 s rRNA levels. The assay was performed in triplicate. Data are presented as mean ± SEM. (c, d) Mouse IECs (c) and MEF adipocytes (d) were co-cultured with or without 10 μM CAPE (NF-κB inhibitor) or 10 μM Gal (STAT3 inhibitor) for 2 days. Each culture was then harvested and relative MMP-9 mRNA levels were determined by quantitative RT-PCR normalized to GAPDH mRNA (c) or 18 s rRNA (d) levels. The assay was performed in triplicate. Data are presented as mean ± SEM, \**P* \< 0.05 (one-way ANOVA). (e, f) Mouse IECs (e) and MEF adipocytes (f) were co-cultured with 1 μg/mL IgG, anti-mouse TNF, or anti-IL-6 antibodies for 2 days. Each culture was then harvested and relative MMP-9 mRNA levels were determined by quantitative RT-PCR normalized to GAPDH mRNA (e) or 18 s rRNA (f) levels. The assay was performed in triplicate. Data are presented as mean ± SEM, \**P* \< 0.05 (one-way ANOVA). (g) Schematic of the putative paracrine loop between IECs and adipocytes inducing a vicious inflammatory cycle. \**P* \< 0.05. All data are representative of two independent experiments.Fig. 6

Taken together, we conclude that inflammatory responses by IECs and adipocytes may be triggered by a feed-forward loop of reciprocal cytokine signaling, even in the absence of immunocompetent cells ([Fig. 6](#f0030){ref-type="fig"}G).

4. Discussion {#s0125}
=============

It has been widely known for decades that mesenteric mesenchymal abnormalities are the hallmarks of CD ([@bb0045]). Although whether mesenteric fat augmentation (*i.e.*, fat wrapping) is pathologic or not is debatable, it has been suggested that mesenteric fat might contribute to the progression of CD, especially from the evidence that mucosal ulceration accompanied by intestinal epithelium damage is confined under the surface of mesenteric fat tissues. Here, we demonstrated that chemically-induced chronic intestinal inflammation can induce hyperplasia and inflammation of mesenteric WATs, as found in human CD patients ([Fig. 1](#f0005){ref-type="fig"}). In addition, we established monolayer IECs from intestinal organoids ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}) and revealed that IECs and mature adipocytes can induce mutual inflammatory responses through NF-κB and STAT3 signaling pathways ([Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}).

For the development of IECs, we simply seeded intestinal organoids disrupted by needles onto thin-layered type I collagen gel. We believe that the use of type I collagen is more physiological because this is a predominant ECM in the small intestine ([@bb0100]) and IECs are supported by type I collagen-producing intestinal mesenchymal cells *in vivo* ([@bb0205]). This method of IEC culture is convenient and reproducible as it requires neither feeder cells nor any specialized equipment. The resultant monolayer cells contained Paneth and goblet cells, which we also believe makes these cultures a more physiological model of the IEC layer *in vitro* than monolayers of established cell lines, such as Caco-2 and HT-29 cells. Moreover, TER values in our IECs were lower than in Caco-2 cell monolayers ([Figs. 2](#f0010){ref-type="fig"}C, [3](#f0015){ref-type="fig"}D, and Supplementary Fig. 3), consistent with a previous study indicating that TER values are lower in small intestinal segments than in Caco-2 cells ([@bb0010]). Notably, the monolayer IECs can self-propagate, which enhances the feasibility and versatility of our approach for a number of biological assays, as sufficient epithelial cell numbers can be obtained even if initial organoid numbers are limited. Taken together, we propose that our IEC culture system is a more robust physiological model for investigation of enteric cell--cell signaling and IBD pathogenesis.

Using our polarized IECs, we examined the potential interaction with differentiated adipocytes. We found that mature adipocytes in Transwell co-culture system elicited inflammatory responses in IECs ([Fig. 4](#f0020){ref-type="fig"}C and E), indicating that adipocyte-derived secretions affect the physiology and/or pathology of IECs. Undifferentiated adipocytes had a lesser inflammatory effect on IECs, indicating that adipocytes, but not preadipocytes, cause the induction of inflammatory genes, which is consistent with CD pathogenesis accompanied by mesenteric fat tissue augmentation and intestinal epithelium inflammation. In other words, the accumulation of mesenteric WAT in obese and CD patients could result in higher local cytokine concentrations, triggering inflammation in surrounding IECs. This notion is also supported by the evidence that expression levels of the pro-inflammatory cytokines TNF and IL-6, which are known to promote intestinal epithelium damage, are upregulated in mesenteric WAT from CD and obese patients ([@bb0015], [@bb0095]) as well as in that from DSS-administered mice ([Fig. 1](#f0005){ref-type="fig"}) and differentiated adipocytes co-cultured with IECs ([Fig. 5](#f0025){ref-type="fig"}). It should be noted that blockage of TNF as well as IL-6 signaling can be beneficial in both murine colitis models and human CD patients ([@bb0130]).

MMP-9 is known as one of the inflammation markers in epithelial cells and knockout of this gene is reported to attenuate intestinal inflammation ([@bb0035], [@bb0085]). We found that MMP-9 expression was increased in adipocytes as well as in IECs by co-culture with each other ([Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}), and it is plausible that the induction of MMP-9 may contribute indirectly to intestinal inflammation by modulating the ECM ([@bb0165]). Although MMP-9 expression is induced during adipogenesis ([@bb0020]), its induction in adipocytes by co-culture with IECs was more likely a pro-inflammatory response rather than part of the differentiation process because the expression of the anti-inflammatory factor adiponectin, which is also induced during adipogenesis ([@bb0230]), was not upregulated ([Fig. 5](#f0025){ref-type="fig"}). Moreover, considering that inflammatory reactions in adipocytes were also induced by inflamed epithelial cells, the activation of a mutual inflammatory program could be mediated by a positive feedback loop of cytokine signaling. This implies that selective disruption of this signaling loop would be effective for the treatment or prevention of CD. PPARγ agonists, therapeutic drugs for type II diabetes that target adipocytes ([@bb0040]), are possible candidates, and they are shown to be effective in some animal models of IBD ([@bb0005]).

Results suggested that secretions from mature adipocytes rather than IECs were the primary initiators of inflammation ([Fig. 6](#f0030){ref-type="fig"}A and B), consistent with evidence that mesenteric fat hyperplasia is frequently observed at the onset of CD ([@bb0050], [@bb0175]). On the other hand, it remains unclear why mesenteric WAT accumulates at or before the pathogenesis of CD, although some hypotheses have been proposed, such as changes in intestinal flora ([@bb0175]). In addition, from the results obtained by our co-culture experiments, we postulate that unknown molecules secreted from inflamed IECs also have such a biological impact on adipocyte properties. Researchers have reported that bone marrow-derived fibrocytes, whose quantity is increased in the mesentery in CD, can differentiate into adipocytes ([@bb0045]); therefore, it may be possible that inflamed IECs can secrete factors which can stimulate fibrocytes to undergo adipogenesis. Hence, our co-culture systems would also be useful for identifying candidate factors secreted exclusively from IECs. Mesenteric fat increases are rarely observed in ulcerative colitis (UC) patients ([@bb0065]), so revealing biopathological distinctions between CD and UC may also help elucidate the contributions of IEC- and adipocyte-derived signals to CD pathogenesis.

There is compelling evidence that high-fat diet-induced obesity contributes to the pathogenesis of bowel inflammation ([@bb0060], [@bb0280]), and we found that adipocytes with larger lipid droplets induced stronger inflammatory responses in IECs ([Fig. 4](#f0020){ref-type="fig"}C). Indeed, it has been reported that hypertrophied adipocytes differentiated from 3T3-L1 cells exhibit a more inflamed state with higher pro-inflammatory gene expression levels ([@bb0220]). We also confirmed that TNF expression was induced, whereas adiponectin expression was diminished in MEF adipocytes with larger lipid droplets (Supplementary Fig. 4). Therefore, the extent of inflammatory progression in adipocytes can have a huge impact on the extent of inflammatory responses in IECs, and our co-culture system may be useful in investigating their relationships. Considering that macrophage infiltration is observed in mesenteric WAT from CD and obese patients ([@bb0015], [@bb0065]), it would also be of interest to examine inflammatory signaling events and other signaling interactions among IECs, adipocytes, and macrophages in co-culture.

In summary, we developed an original method to generate organoid-derived murine and human monolayer IECs possessing many of the intrinsic characteristics of intestinal epithelium. Specifically, human IECs generated from iPSC-derived organoids would have multiple advantages for basic research on intestinal function, pathogenesis, drug screening, mucosal vaccine development, regenerative therapy, and personalized medicine. We observed mutually enhanced inflammatory responses when these IECs were co-cultured with adipocytes, suggesting a possible paracrine loop for the development of inflammation without the influence of immune cells. In aggregate, these results suggest that increased mesenteric fat tissues, which are frequently found in CD and obese patients as well as animal models of these conditions, may directly induce or exacerbate intestinal ulcerations. Our *in vitro* studies assessing isolated local tissue interactions may yield innovative concepts regarding gut homeostasis, disease pathogenesis, and treatment strategies.
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